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INTRODUCTION

The development of advanced space transportation vehicles for the next

generation of launch systems will require large-scale composite pressure vessels

for use as fuel and oxidizer tanks. These large-scale composite pressure vessels

present a new set of technical challenges due to their size. The typical fabrication

techniques used for composite pressure vessels is filament winding with an

autoclave or hydroclave cure. The size of the pressure vessels produced by this

technique is limited by the size of the filament winding machine and

auto/hydroclave available. The large-scale pressure vessels needed for the

advanced space transportation vehicles demand a new production method. One

solution that has been proposed is fabrication of a pressure vessel by joining

filament wound components.

This research is focused on filament wound pressure vessels with adhesive

joints. This research addresses the suitability of classical laminate theory analysis

tools for filament wound pressure vessels and the performance different

configurations of adhesive joints used to join these systems. Specifically, this

research investigates the performance of sub-scale filament wound pressure

vessels fabricated of graphite epoxy with pre-impregnated (prepreg) resin tape

laid adhesive joints. The suitability investigation was directed toward the

structural performance of the filament wound pressure vessel wall acreage (that

part of the pressure vessel that is the large cylindrical area away from the joints

and unchanging in cross section), the stiffness verification of the different joint

configurations and the use of industry standard failure criteria. The pressure
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vesselsin this studywerefilamentwoundandwith two mainbarrelcomponents

joinedbya doublestrapbuttjoint. Two differenttypesof doublestrapbuttjoints

wereusedin thisresearch.Theyarethepyramidstyleandtheinvertedpyramid

style.

Thescopeof this investigationwaslimitedby programmaticandpractical

considerations. The restrictionsinclude compositematerial selection,joint

geometry,pressurevesselfabricationtechnique,andtestrequirementparameters.

The compositematerialselectedwasa polymermatrix composite,specifically

1M7/N5555. This materialwas usedfor all compositefabricationprocesses.

Experimentalrestrictions included testing at an ambient environmentwith

hydrostaticinternalpressureandnoexternalmechanicalloads.

LITERATURE REVIEW

The structuralperformanceof filament woundpressurevesselsand its

relationshipto the failure mode is important part of this study. Azzam,

Muhammad,Mokhtar and Kolkailah [1] discussedpredesignevaluationand a

potentialfailurepath for a filamentwoundcompositepressurevesselduringan

ultimate or failure pressuretest. They also addressthe failure sequenceof

filamentwoundpressurevessels.Theyidentifiedtwofailuresequences:thewell-

knownfirst ply failure(FPF)techniqueandthematrix failure pressure.Uemura

andFukunaga[2] presentedresultsfrom an investigationof the useof classical

laminatetheoryfor analysisof filamentwoundcylindersandtheuseof theTsai-

Wu failure criteria to predict the failure pressure. Lifshitz and Dayan [3]

addressedthe processfor calculatingthe stressesand strainsin non-symmetric



filament wound pressurevesselswith thick metal liners. The prediction

calculationsof thisstudywerebasedonclassicallaminatetheoryandtheTsai-Wu

failure criterion. An importantconclusionof this paper,which relatesto this

study,is that in situ measurements of mechanical properties of filament wound

vessels are needed in order to determine moduli and strength values. They

observed that these properties are not the same as those obtained from

unidirectional laminae testing. Kam, Liu, and Lee [4] presented the results of an

investigation of the first-ply failure strength of laminated composite pressure

vessels. The failure criteria used in this paper included the Maximum strain,

Maximum stress, Hoffman, Tsai-Hill and Tsai-Wu. This study revealed that for

composite pressure vessels composed of eight plies there exists significant

differences (20% and greater) between the theoretical and experimental first-ply

failure pressures.

Chamis and Murthy [5] showed the use of simplified procedures for

designing adhesively bonded composite joints. They used the shear lag equations

to calculate the key strength property values for their study. Mitra and Ghosh [6]

addressed the importance of interfacial stresses and the load transfer of load

between the adherend and joint. They investigated the deformation behavior of

the double strap butt joint under a tension load and how the deformation affects

the failure mode of the joint. Ahn and Springer [7] presented analytical and

experimental results for the strength of repaired areas of composite laminates.

The article presents information on the relationship between the number of

external stepped lap plies and the failure load for the repaired area. They



observedthattheadditionof externalplies,whichcoverall the subsequentplies

of thescarfrepair,increasesthefailure loadin comparisonto scarfjoints without

externalplies. The scarfjoint with externalplies is similar to the inverted

pyramidjoint configurationof thisstudy.

BACKGROUNDTHEORY

Theelementsof classicallaminatedplatetheoryarewell-knownandwell

documentedin any numberof excellent texts on compositematerials. To

conservespacethebackgrounddetailsare left to the interestedreader. We find

for a laminatedcompositepressurevessel,that the mid-planestrain can be

expressedin termsof thepressurein thevesselas:

e_' = ( allD + aI2D )P (1)
4 2

and

,, = (alzDe 2 + a22D)P, (2)
4 2

where the aij are the in-plane extensional compliances, D is the vessel diameter,

and P is the internal pressure.

There are many different failure criteria used in industry today. For

example: Maximum Stress Failure Criterion, Maximum Strain Failure Criterion,

Tsai-Hill Failure Criterion, Hoffman Failure Criterion, Tsai-Wu Quadratic Tensor

Polynomial Failure Criterion and the Yamada Failure Criterion. Each of these

criteria has their own set of advantages and disadvantages and an evaluation of

these criteria is beyond the scope of this research. This study will use the Tsai-

Wu Quadratic Tensor Polynomial Failure Criterion, or more simply the Quadratic
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Failure Criterion. The QuadraticFailure Criterion is a commonly accepted

compositefailurecriterionthat hasbeendiscussedwidely in the literature. The

QuadraticFailureCriterion,F(cr), is:

6 6 6

F,o,+ZZ F,jo,o, (3)
i-I j=l i=l

where oi are the stresses, F_and F_jare the linear and quadratic strength

coefficients, respectively. Tsai[] presents a thorough discussion of the strength

coefficients and the transformation of the coefficients into structural directions.

The Hahn form of Ft2 is used in this research in the Laminate computer program.

The strength ratio is used in the analysis of composite material failure as a

quasi-factor of safety. The strength ratio, also known as the R factor, is a ratio of

the applied stress to the stress at failure assuming that all components are scaled

by the same factor. The R factors are calculated by using

e= a;'_ (4)
(_pptied "

The R factor is substituted into the Quadratic Failure Criterion equation (3) and

the function is set equal to one which gives the following relationship:

q% R_ R-I=0, (5)
L_l i4 d Li=l d

from which the R factor can be determined. Based on the definition in Equation

4, the R factor can then be used to predict failure by the following rule:

R > 1 the laminate is structurally safe,

R=I Failure and

R<I Over loaded.



WhentheR ratio is greater than 1 it may be considered as the quasi-safety factor

for the composite structure analyzed.

EXPERIMENTAL PROCEDURE

Constraints made it possible to test only one vessel or article of each joint

design of a single material type. It is important to note that one joint design was

used on each vessel. A single lamination scheme was used for both vessels. The

vessels were 12 ply symmetrical laminates, with a stacking sequence for the

vessels of [90/60/-60/30/-30/0]s. The material chosen for the composite cylinders

was a Hercules IM7/8552 graphite epoxy. The IM7/8552 used for the filament

winding process was a prepreg carbon fiber. The material properties for

IM7/8552 are listed in Table 1

The two test articles fabricated for this research study were filament

wound cylinders that were cured in a standard autoclave. Both test articles were

cut in half after they were fully cured. They were then reconnected with different

configurations of a double strap butt joint. The two different joints that were

fabricated in this study included the pyramid style joint and the inverted pyramid

style joint.

The two composite bottles that were used for this experimental

investigation were fabricated at the Product Enhancement Facility (PEC) at the

George C. Marshall Space Flight Center in Huntsville, Alabama. The dimensions

of the composite bottles used in the investigation were determined by

programmatic constraints beyond the control of this investigation. The composite

bottles were 45.7 cm (18 in.) in diameter, 82.6 cm (32.5 in.) from end to end with
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a nominalwall thicknessof 0.178cm (0.07in.). Thefabricationprocessusedis

describedin detailbyVerhage[].

After thebottleswerefabricated,theywerecut in half in preparationfor

thejoint layupfabricationstep. Eachcompositebottlewascutin half at the40.6

cm markasmeasuredfrom thetopsurfaceof thetoppolarbossusingalathetype

fixture with a precisiondiamondsaw. Thetwo halvesof eachbottleweredry fit

on theinflatablemandrelto measurethemaximumgapbetweenthetwo halves.

Thetankhalvesweremarkedfor realignmenton theinflatablemandrelafterthe

joint surfacepreparationwascomplete.

The surfacepreparationof thetank wall is critical to the adhesivebond

strengthof thejoint. Thenextsteprequiredthattheinsidesurfaceof bothhalves

begrit blastedandcleanedwith acetonein a regionmeasuring6.35cm from the

edgeof the cut around the circumference of the bottle. After the joint surface

preparation was complete, the two halves of the bottle were reinstalled on the

inflatable mandrel. Hysol EA9394 epoxy adhesive was applied on the butt joint

area and the bottle halves were pushed together and the alignment was verified.

The EA9394 epoxy adhesive was allowed to cure for 24 hours in an ambient

environment. Once the epoxy adhesive cure was complete, the outer joint surface

was grit blasted and cleaned with acetone in a region measuring 6.35 cm on both

sides of the cut. With the surface preparation complete the following steps were

performed to complete the joint fabrication.

1. Outer Joint Fabrication Process

• Lay one 10.2 cm wide ply of FM300-2K film adhesive centered at the butt joint

• Bag joint region with film adhesive and debulk for 15 minutes
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• Remove the bag

• Lay a ply of IM7/8552 around the circumference, stagger seams of each ply by

60 °

• After 3 plies of IM7/8552 have been laid, bag and debulk for at least 30 minutes

• Remove the bag

• Lay remaining 3 plies of IM7/8552 and debulk for at least 30 minutes

• Bag outer joint region for oven cure

2. Inner Joint Fabrication Process

The inner joint surface preparation and ply layup sequence was done

similar to the outer joint. The stacking sequence, material and fiber orientation of

each ply for the two different joint configurations are shown in Tables 2 and 3.

Note in these tables that the only difference between the bottles is the width of the

layers.

The orientation of each ply in the joint laminate for each composite

cylinder is as follows: [90/60/-60/30/-30/O/TankWall/O/-30/30/-60/60/90]_r.

Consequently, the laminate classification shows a 24-ply laminate joint. It is

important to note that the total joint makeup contains both a filament wound

laminate (tank wall) and two tape laid laminates on each side of the tank wall.

Consequently, the joint structure is a mixture of filament wound and laminated

plies.

Composite bottle #1 used a pyramid style joint layup with the widest

composite ply as the first strap ply adjacent to the butt seam. Each subsequent ply

applied was 1.27 cm narrower in width with the all the ply widths ranging from

8.89 cm to 2.54 cm. Composite bottle #2 used an inverted pyramid style joint
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layup with the narrowestply as the first ply adjacentto the seam. Each

subsequentply appliedwas12.7cm wider thanthepreviouswith theply widths

ranging from 2.54 cm to 8.89 cm with the outermoststrap ply completely

overlappingandenvelopingthepliesbeneathit. The Figures4 and5 showthe

laminatestackingsequenceand ply orientationsfor both the tank wall of the

compositecylindersandthecorrespondingjoint configurationandits associated

orientation.

TestPlan andMethodology

The test plan for the experimentalinvestigationportion of this study

requiredthatseveralobjectivesbemetduring thetestactivities. Theobjectives

include:recordingtestdatafrom therequiredinstrumentation,hydrostaticallytest

thecompositecylinderto therequiredpressures,andinvestigatethefailuremode

andpressureof eachcompositetestarticle. Theresultsfrom thetestsprovided

datafor theanalysisphaseof the investigationof thejoint strengthandpressure

vesselperformancefor the two differentjoint designs. The testdata recorded

from the test operationswere processedand comparedto the analytical

predictionsgeneratedby computerprogramsdiscussedin thefollowing chapter.

ThetestfixturesandfacilitieswereprovidedbytheStructuralStrengthTestTeam

of the NASA, MarshallSpaceFlight Center.A completedescriptionof the test

fixtures, hydrostaticpressurizationsystem,ant test article setupis includedin

Verhage[].Thetestarticleandfixturesetupisshownin Figure8.

A completeanddetaileddescriptionof thetestarticleinstrumentationand

dataacquisitionsystemis presentedby Verhage[]. As notedabovethe test
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requirementsincluderecordingvariousinformationitemsduring thetests. The

informationto berecordedfor eachtestincludes:strainsat multiplelocationson

andin thepressurevessels,theappliedinternalpressure,deflectionat pointson

thevessels,andvideoof thetest. Thestraindatawasobtainedusingstraingages

with the deflectiondata obtainedfrom 10-volt transducers. The strain and

deflectioninstrumentationon eachof thetwo compositebottlesconsistedof ten

biaxial straingagesandtendeflectionmeasurementpoints.

Themeasurementacquisitionhardwareusedin this investigationis based

on a PersonalComputer(PC)classsystemwith aremotedataharvester(RDH)

anddisplayunit. The remotedataharvesterreceivestheanalogoutputfrom the

instrumentationand performs an analog to digital conversionwith signal

conditioning.The conditioneddigital outputgoesto thePC-basedunit. ThePC

is thecentraldataprocessingunit in thesystem,whichoperateswith aWindows

softwareenvironment. The digital signalsare recordedand convertedinto

engineeringunitsanddisplayedin real timefor thetestoperator.All testdatain

thesetestswassampledandrecordedat onerecordevery250 millisecondsor 4

datapointspersecond.

A video systemwasusedto recordeachtestof the vessels.The video

systemincorporatesa precisiontime stampon eachimage,which allows for

correlationof the video to the test data record.

The Test Requirements for this program specified three test conditions to

ascertain the following: No Leakage, Influence Reference for Leak Checks,

Design Limit Load, and Ultimate Load. Three test conditions to achieve these
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requirementswereplannedin the following sequence:InfluenceReferencefor

Leak Checksaccomplishedin TestCondition 1, DesignLimit Load (300psig)

accomplishedin TestCondition2, andUltimateLoad(Failure)accomplishedin

TestCondition3. The detailsof testproceduresareomittedto conservespace.

Theyarepresentedin Verhage[].During thetestson thepyramidjoint pressure

vesselthetestpressureexceededthesafetyvalvepressure.Thesafetyvalvewas

subsequentlyremovedandTestCondition3 repeatedfor thepyramidjoint vessel.

Consequently,therearetwo performancetestsfor thepyramidjoint. The safety

valvewasnotreinstalledfor theinvertedpyramidjoint test.

ANALYTICAL PROCEDURES

The use of computer programs for structural analysis of composite

materials is commonplace in the development of new structures and the redesign

of older structures. Computer software was used in this research to derive the

necessary analytical values for comparison to experimental data. Two computer

analysis programs, which utilize the classical laminate theory derivations

discussed previously, were used in this study. The use of two programs provided

a crosscheck process for the results. This crosscheck in derivations helped

minimize the error in the research process. These two computer programs were

used for analysis on both the tank wall and joint for each composite pressure

vessel. The analysis procedure for the two computer programs were somewhat

different due to the diversity of operating systems used to execute the programs.

One of the computer analysis programs used was a Microsoft Excel® based

program with macros developed and written by Dr. Mark V. Bower of the
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Universityof AlabamainHuntsville.Thiscomputerprogramisreferredto as

Laminatein thisstudy.ThesecondcomputerprogramwasaMicrosoftDOS

basedprogramwrittenby PeterSjoblomfrom theUniversityof Daytonandsold

byThinkComposites.Thiscomputerprogramisreferredto asGENLAM in this

study.A detaileddiscussionof theuseof eachof theseprogramsispresentedin

Verhage[].

RESULTS

B. Tank Wall Performance

The investigation of the tank wall performance was a key step in

understanding the accuracy of the classical laminate theory in predicting the

structural behavior of the filament wound system. The strain data and the

associated analysis are presented in the following subsection. The deflection data

from the tests is reported by Verhage[].

3. Strain Results

The tank wall was analyzed as a 12 ply laminate although the tank wall

fabrication technique for this study was filament winding. The approach used to

investigate the tank wall performance started with recording the strain gage data

from both composite pressure vessels. The inner and outer strain values of back-

to-back strain gages were averaged to obtain the mid-plane strain value. Plots of

the mid-plane strain results for both the axial and hoop directions are shown in

Figures 4 and 5. These plots show the test pressure versus the mid-plane strain

values for the tank wall for both the pyramid and inverted pyramid test articles as

measured above and below the joint. Due to the similarity in the strain results
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betweenthefirst andsecondpyramidjoint testruns,only values from the first

pyramid joint test run and the inverted pyramid joint test are plotted to show the

mid-plane strain results.

In the analysis of the experimental results the first observation made is that

there is a strong correlation between the strain, both axial and hoop, measured at

the top location (above the joint) for both joint configurations, see Figures 4 and

5. The second observation is that there is a strong correlation between the strains,

both axial and hoop, measured at the top (above the joint) and bottom (below the

joint) locations. However, the strains measured at the bottom location are slightly

above those measured at the top for all test configurations. From these

observations we conclude that: there is repeatability in the data, the measurement

locations in the tank wall acreage are sufficiently far away from the joint that the

joint behavior does not significantly affect the results, and there may be a small

systematic difference in the loading between the top and bottom locations. The

weight of the water used to fill the tank and the associated pressure gradient may

account for this small difference.

The next part of the tank wall performance investigation was to compute

pressure values from the mid-plane strains for the pressure load profile until

failure. The generation of pressure values was accomplished by entering the

experimental mid-plane strain values shown in the previous plots into the

GENLAM and Laminate computer programs. The computer programs generated

stress resultant values to be used to calculate the analytical pressure profile. The

stress resultants in the axial direction were used with the pressure vessel
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equations,Equations1and2, tocalculatetheanalyticalpressurevalues.After the

analyticalpressurevalueswerecalculated,theywerecomparedto thetest

pressurevaluesrecordedfrom thepressuretransducerusedonthetestsetup.The

comparisonof theanalyticalversusexperimentalpressurevaluesis shownin the

plotsin Figure6 through11. Thiscomparisonalsocorrespondsto boththetop

andbottomsectionsof thetankwall.

Theresultsshownin Figures6 through11revealthatthetestpressuredata

pointsfrom thepressuretransducerfallson theanalyticalpressurecurvesfor the

topstraingages.Theseresultssupporttheconclusionthattheclassicallaminate

theorycomputerprogramspredictthestructuralperformanceof filamentwound

systemswithin a+5% accuracy range. The tank wall performance results provide

the validation for the use of classical laminate theory to analyze the structural

performance of the filament wound systems with acceptable accuracy.

C. Joint Stiffness Verification

The joint stiffness verification was the next area of focus. The computer

programs were used to generate the extensional stiffness values for the two

different joint configurations. As previously stated the two different joint

configurations were 24 ply symmetrical laminates consisting of a combination of

filament windings and prepreg tape. The analytical extensional stiffness matrix

[A] along with the extensional compliance stiffness matrix [a] were the same for

each of the two joint configurations. This was the case because the two joint

configurations were analyzed using the same stacking sequence and material

properties. The extensional compliance stiffness and analytical force resultants
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wereusedto calculatetheanalyticalmid-planestrains.Theanalyticalmid-plane

strainsareplottedonapressureversusstraincurveinFigures12and13. The

axialdirectionjoint stiffnessplot shownin Figure12presentstheanalyticalcurve

versusthetestdatacurves.Thecircumferentialdataplot,shownin Figure13,

showstheoriginaltheoreticalcurveandanadjustedanalyticalcurveversusthe

testdatacurves.

Theresultsshownin Figures12and13showthatthestiffnessprediction

for thejoints in theaxialdirectioniswithin a2 to5%accuracyrangewithoutany

adjustmentratioapplied.TheanalyticalcurveinFigure12predictsa slightly

stifferstructurein theaxialdirectioncomparedto thetestdataresults.Thejoint

stiffnessresultsin Figure13for thecircumferentialdirectionrevealsthatthe

originalanalyticalcurvepredictsamuchlessstiff structurethanthetestdata

resultsshow. During the tank wall performance, which is the first part of this

investigation, it was noted that the analytical circumferential stress resultants

generated by the computer programs were around 25% less than the calculated

theoretical results. The following tables (P1, P2 and IP1) show the calculated

average of the stress resultant ratio of the theoretical value divided by computer

generated value. The stress resultants in these tables were in relation to the tank

wall acreage.

Tables 6.1 through 6.3 clearly show that the computer program generated

stress resultants in the axial direction are only 1% less than the theoretical value.

Tables 6.1 through 6.3 also clearly show that the computer program generated

stress resultant values in the hoop direction are 25% less than the theoretical
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value.The25%wasappliedto thecircumferentialjoint stiffnessresultsasa

correctionfactorbydividingtheN2 value by 1.25 to decrease the stiffness slope of

the original theoretical mid-plane curve. After the 1.25 correction factor was

applied, the curve rotated and fell within a 5 to 10% error range in relation to the

experimental curves. With the application of strain gages on composite materials,

this is an acceptable range 1. The correction factor was only applied to the hoop

mid-plane strain equation for both pressure vessel data results and successfully

produced a stiffness prediction curve for the different joint configurations. The

joint stiffness verification plots are as follows.

D. Failure Criteria

The final part of this study consisted of analyzing the failure of the

filament wound pressure vessels using the Quadratic Failure Criteria. The

quadratic failure analysis was derived using the GENLAM and Laminate

computer programs. The failure analysis produced a minimum strength ratio

value R to be 8.85 for a 100-psig test case. This indicates a first ply failure (FPF)

of 885 psig for ply layers 6 and 7, which are the 0 ° laminae in the middle of the

laminate. The analysis also predicted a last ply failure or burst of 949 psig with

the plies 1 and 10 the last laminae to fail. Plies 1 and 10 of the laminate were

stacked at 90 ° .

Interview with NASA Instrumentation Engineer Houston Hammac, P.E.
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1. Inverted Pyramid Pressure Vessel

With regard to the test results, the filament wound pressure vessel with the

inverted pyramid joint configuration failed at 850psig, which is 10.4% below the

actual predicted failure of 949psig generated from the computer programs. In

Figure 5.11 still frame pictures taken from recorded video shows the failure mode

for the IPI test run.

Frame B shown above reveals that the test article ruptured in the tank wall

acreage at the bottom of the tank and Frame C shows that the pressure vessel did

not separate in pieces at the joint. At the initial failure, Frame B shows the water

exiting at the tank wall area rather than the joint area. The video flames, test data

and computer analysis in combination show that the inverted pyramid test article

failed in the tank wall acreage and not at the joint. Recall further that the strain

gages at the bottom of the tank had higher strains due to the weight of the water in

the tank. This accounts for the failure beginning at the bottom of the tank and

may account for the disagreement between the predicted and actual value.

2. Pyramid Joint Pressure Vessel

The filament wound pressure vessel with the pyramid joint configuration

failed at 630psig, which is 33.6% below the predicted failure of 949psig generated

by the computer programs. The still pictures or flames taken from the recorded

video for the pyramid joint pressure vessel are shown in Figure 5.12. These

pictures show the failure mode of the P2 test run.

Frame B in Figure 5.12 shows the force of the water at failure exiting

around the midsection of the tank, which is the area of the joint. After failure,
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Frame C in Figure 5.12 shows a top portion of the pressure vessel separated at the

joint section. Another camera view from the P2 test run also reinforces the

previous conclusions as shown in the still pictures in Figure 5.13.

Again, Figure 5.13 Frame B shows an intense white at the middle, which

represents a blast of the water exiting the tank at the midsection of the pressure

vessel. Frame C in Figure 5.13 shows a split at the joint area after failure. The

test data resulting in a low failure pressure in combination with the recorded video

reinforce the conclusion that the pressure vessel with the pyramid style joint failed

at the joint. Predicting failure the mode of failure at the joint is beyond the scope

of this investigation. Failure due to peel or adhesive stresses in the joint can cause

the pressure vessel to burst before reaching the predicted failure of the tank wail,

which is the case in the P2 test run.

3. Failure Analysis Comment

It should be noted here that the predictions that the tank wall was the

failure origin for the Inverted Pyramid Joint vessel and that the joint was the

failure origin for the Pyramid Joint vessel were made based on the analysis results

and subsequently confirmed by review of the video recordings. This adds

credibility to the analytical method used in this investigation.

CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK

The investigation of the tank wall acreage performance was a critical step

in assessing the correlation of the experimental structural behavior with the

analytical structural predictions for the filament wound pressure vessels. After

reviewing the generated stress resultants from the experimental strain input, the
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axialstressresultantshowedastrongcorrelationwith thetheoreticallycalculated

valuesfrom themechanicsof materialequationsfor pressurevessels.Whenthe

computergeneratedhoopstressresultantvalueswerereviewedtheywerean

averageof 25%lessthanthetheoreticallycalculatedvaluesfrommechanicsof

materialequations.The25%lagin stressmagnitudewasconsistentthroughout

therangeof thetestsfor eachfilamentwoundpressurevessel.Basedon this

informationit isconcludedthattheanalyticalcalculationsoverestimatethe

stressesin thehoopdirectionby 25%.This factorwasusedsubsequentlyin the

joint andfailureanalysisfor thevessels.While it is reasonableto applythis

factorin this investigation,becauseit isself-consistent,thisfactormaynotapply

to all filamentwoundpressurevessels.It is likely thatthisfactoris dependenton

thenumberandorientationof thelaminaeof thevessel.It canalsobeconcluded

in relationto Lifshitz& Dayan[3] thatthemeasurementsof mechanical

propertiesof filamentwoundvesselsareneededin orderto determinemoduliand

strengthvalues,whicharenot thesameasthoseobtainedfromunidirectional

laminae.

Thecomputergeneratedaxialstressresultantswereusedtocalculatethe

theoreticalpressuresandin turncomparedto theexperimentaltestpressuresfor

verificationof structuralperformanceof thefilamentwoundpressurevessels.In

thispartof thestudyit canbeconcludedthatbyusingtheaxialstressresultant

valuetheclassicallaminatetheorycanaccuratelypredictthestructural

performanceof thetankwall laminatein afilamentwoundpressurevesselwith

differentjoint configurations.
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Thejoint stiffnessverificationstudyinvolvedtwodifferentjoint laminate

configurations.Thegeometryof thejoints wasdifferentbut theyhadthesame

numberof plies,anglestackingsequenceandthickness.Consequently,the

extensionalcompliancematriceswerethesamefor bothconfigurations.The

analyticalstiffnesscurvefor theaxialdirectionshowedastrongcorrelationwith

theexperimentalstiffnesscurvesfor thetwo differentjoint configurations.

Differencesbetweentheanalyticalandexperimentalresultsarewellwithin the

experimentalerror. Consequently,it isconcludedthattheaxial responseof either

apyramidor invertedpyramidjoint canbemodeledaccuratelybyclassical

laminatetheory.Theanalyticalstiffnesscurvefor thehoopdirectionunder

predictedthestiffnessin thejoint whencomparedto theexperimentalstiffness

curvesfor thetwo differentjoint configurations.As wasobservedin thetank

wall acreagecomparison,theaverageerrorin thehoopstressresultantswas25%.

Whentheanalyticalcalculationsfor thehoopmid-planestrainswereadjustedby

acorrectionfactorof 1.25on thehoopstressresultanttherewasgoodagreement

betweenthemodifiedanalyticalresultsandtheexperimentalresults.The

agreementbetweenthemodifiedanalyticalresultsandtheexperimentalresultsis

well within theexperimentalerror. Thiscorrectionfactoris consistentwith the

adjustmentneededfor agreementbetweentheanalyticalandexperimentalresults

in thetankwallacreage.Again,thecorrectionfactorusedhereis self-consistent

andis expectedto bedifferentfor otherstackingsequences.Consequently,the

correctionfactorshouldbedeterminedfor eachspecificapplication.Further,it is

concludedthattheclassicallaminatetheorycanbeused,with reasonable
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accuracy,to predicttheaxialstiffnessof differenttypesof doublebuttstrapjoints

manufacturedwith acombinationof filamentwoundandprepregtapelaminae.

Although,byusingtheclassicallaminatetheory,thepredictionof thehoop

stiffnessin thejoints musthaveacorrectionfactorappliedto producea more

accurateanalyticalstiffnesscurve.

Thelastpartof thisstudyinvolvedtheinvestigationin theuseof classical

laminatetheoryfailurecriteriain relationto filamentwoundsystems.The

experimentallydeterminedfailurepressurefor theinvertedpyramidjoint vesselis

10.4%belowtheanalyticallypredictedfailurepressurefor thetankwall acreage.

Fromreviewof videofrom thetestit isconcludedthattheinvertedpyramidjoint

tankfailed in thetankwall. It is thenconcludedthatthequadraticfailurecriterion

canprovideafailurepredictionthatis withinapproximately10%of theactual

failurefor filamentwoundpressurevessels.However,thefailurepredictionmay

benon-conservative,asin thisapplication.Thepyramidjoint configuration

pressurevesselfailed33.6%belowthepredictedfailurepressure.Fromreviewof

videofrom thetestandtheoverpredictionof thefailurepressureit isconcluded

thatthepyramidjoint tankfailedin thejoint.

Anothersignificantconclusionfrom thefailureinvestigationwasthe

importanceof theuseof videorecordingduringtheconductionof thetests.The

videorecordingfrom thisstudyprovidedavaluablepieceof evidenceto

determinethefailuremodeof eachfilamentwoundpressurevessel.In orderto

makethevideomosteffective,it is importanttomakesurethatthedatasystem

timeclockis synchronizedwith thevideorecordingtimeclock. This time
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synchronizationprovidesanimportanttoolwhentherecordedinstrumentation

dataiscombinedwith thefailurevideoof thetestarticleto createthemost

accuratefailureevidence.

Theuseof theclassicallaminatetheoryin thisstudyproducedvery

promisingresultsfor predictingthestructuralperformance,stiffnessandfailureof

filamentwoundsystems.Theuseof classicallaminatetheorycomputerprograms

providesanimportanttool for quicklyandefficientlyanalyzingthestructural

behaviorof compositematerials.Wecanconcludethatthesetoolscanbeusedto

analyzethestructuralbehaviorof filamentwoundsystemssuchaspressure

vessels.

As with mostresearchprogramsor studies,additionalwork to extendand

refinethecurrentinvestigationisexpectedandessential.Thisstudyis no

exception.Futurestudiesof filamentwoundsystems,especiallythosefor the

spaceindustry,shouldbefocusedon thecompositematerialselection,multiple

joint configurations,operationenvironmentandstructuralhealthmonitoring.

Someof thework in thefollowingdiscussionsiscurrentlyinprocess.

A morein depthanalysisof thestructuralresponseof thepressurevessels

isneeded.This investigationmadeuseof asimplifiedapproachtopredictthe

responseandfailurefor thevesselsin question.A greaterunderstandingof the

influenceof thejoint on thestructuralresponseis needed.By carefulanalysisof

thebendingmomentsin thestructurethatresultfromthejoint, amoreaccurate

predictedfailurepressuremaybeachievable.Also,thefailurepredictionof a

filamentwoundsystemwithanadhesivejoint mayrequiresfurtherinvestigation
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of the influence of peel and adhesive stresses on the joint failure loads. A valuable

addition to this investigation would be a test of filament wound pressure vessels

without midsection joints. This would provide verification to the tank wall

acreage analysis and provide needed insight into the affects of the joint on the

structural response. Further, tests with other midsection joint configurations

would provide additional understanding of the joint performance. A test program

that incorporates five or more filament wound pressure vessels of each type

instrumented with triaxial strain gages is needed. Five pressure vessels of each

type would help establish repeatability in the data, especially in the failure criteria

area. The triaxial strain gages would provide data for the in-plane shear

component to be incorporated with the axial and hoop strain data. To add to the

previous discussion of adding triaxial strain gages and performing a more

enhanced investigation of the joint region is the ability to do deflection mapping

of the overall pressure vessel. Deflection mapping would provide the stress

analyst the ability to investigate the out-of-plane deflections as well as axial

deflections in order to understand the deflection gradients across regions of

dissimilar construction and to correlate that information with high fidelity finite

element models. Along with the triaxial strain gages, additional instrumentation

in the realm of fiber optics strain sensors may serve as a structural health

monitoring system for cyclic loading. Also, the use of Acoustic Emissions may

provide a valuable tool in the detection of the first-ply failure and help predict the

failure of the filament wound pressure vessels.
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An importantpartof anytestprogramisto testthestructurebeing

investigatedin anenvironmentthatisascloseto theoperationalenvironmentasis

possible.A criticalenvironmentalfactorfor anypressurevesselthatis being

investigatedfor theusefor fuel or oxidizertanksis thecyclicloadingwith

cryogenictemperaturesandpressures.An importantcontinuationof thisstudyis

thetestingof thevesselswith liquid nitrogen(LN2)andeventuallyliquid

hydrogen(LH2)dependingon thematerialcompatibilityandsafetyfactors.An

investigationinto themicro-crackingandpermeabilityof compositelaminates

underacryogenicenvironmentis anaturalpartof suchastudy.

Pretestandpost-testnondestructiveevaluation(NDE)of all future

compositepressurevesselsis recommended.These evaluations help detect flaws

or delaminations produced during manufacturing, which then provide an

explanation for differences between experiment and analysis results. NDE data is

important information for testing filament wound pressure vessels with or without

joints.

In relation to the previous discussion on video coverage for the conduction

of tests there are several key elements that can be added to further enhance the

results. There are several recommendations that may help gather more conclusive

evidence. For example, high speed video or video with more enhanced shutter

speeds would provide more video frames during a particular time scenario of

interest. Also, the installation of cameras encased in a protective housing would

provide the test requester an option to see a closer view of the pressure vessel in

order to do a remote visual inspection for leaks during pressurization.
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Thepreviousrecommendationsandfutureworkwill enhancefurther

investigationsof compositepressurevessels.Duringthedevelopmentandtesting

of newcompositepressurevessels,it iscriticalto understandthestructural

behaviorbyusingthepropercombinationof investigationtoolssuchascomputer

analysis,instrumentation,health-monitoringsystemsandvideo.
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Table 1

Hercules IM7/8552 Material Properties

Property Principal Material Direction Symbol Value

Tensile Modulus First Ej 161 GPa

Tensile Modulus Second E2 11.5 GPa

Shear Modulus In-plane E6 4.96 GPa

Poisson's Ratio In-plane vt2 0.32

Maximum Tensile Strength First XT 2.68 GPa

Maximum Compressive Strength Second Xc 1.77 GPa

Maximum Tensile Strength First YT 111 MPa

Maximum Compressive Strength Second Yc 305 MPa

Maximum Shear Strength In-plane S 119 MPa

-0.0719 10
Coefficient of thermal expansion First _zl 6/o C

Coefficient of thermal expansion Second cz2 21.2 106]°C

Coefficient of moisture expansion First 131 0.0

Coefficient of moisture expansion Second 132 0.6

Cure temperature Tcure 177°C

Laminae thickness ho O. 127 mm

Volume fraction of fiber Vf 0.66
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Table 2

Pyramid Double Butt Strap Joint Layup for both inner and outer straps

Stacking Sequence Material Ply Width (cm) Fiber Orientation

Tank Wall IM7/8552, EA9394 NA [90/60/-60/30/-30/0]s

Layer 1 FM300-2K 10.2 NA

Layer 2 IM7/8552 8.89 [0°]

Layer 3 IM7/8552 7.62 [-30 °]

Layer 4 IM7/8552 6.35 [30 °]

Layer 5 IM7/8552 5.08 [-60 °]

Layer 6 IM7/8552 3.81 [60 °]

Layer 7 IM7/8552 2.54 [90 °]

Table 3

Inverted Pyramid Double Strap Joint Layup for both inner and outer bellybands

Stacking Sequence Material Strap Width
(cm) Fiber Orientation

Tank Wall IM7/8552, EA9394 NA [90/60/-60/30/-30/0]s

Layer 1 FM300-2K 10.2 NA

Layer 2 IM7/8552 2.54 [0 °]

Layer 3 IM7/8552 3.81 [-30 °]

Layer 4 IM7/8552 5.08 [30 °]

Layer 5 IM7/8552 6.35 [-60 °]

Layer 6 IM7/8552 7.62 [60 °]

Layer 7 IM7/8552 8.89 [90 °]
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Table 4

Summary of Stress Resultant Ratios for Tank Wall

Pyramid Style Joint

Test 1

Test 2

Inverted Pyramid Style Joint

Pyramid Style Joint

Test 1

Test 2

Inverted Pyramid Style Joint

N1 Ratio

GENLAM Laminate

Average Standard Deviation Average Standard Deviation

1.01 0.0416 0.97 0.0116

1.05 0.0487 1.02 0.0206

1.02 0.0326 0.99 0.0091

Nz Ratio

GENLAM Laminate

Average Standard Deviation Average Standard Deviation

1.24 0.0116 1.21 0.0144

1.27 0.0332 1.24 0.0411

1.23 0.0187 1.21 0.0174
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Tank Wall[90/60/-60/30/-30/0] s

Pyramid Joint Design

[90/60/-60/30/-30/0/Tank Wa11/0/-30/30/-60/60/90]. r

10.2 cm

Layer 7

Layer 1 ]
4.44 cm

Strap
Width

/

Strap Width

4.44 cm

Note: The two halves of the Tanks were

butted and epoxied together with EA9394

with a maximum gap of 0.254 mm.

10.2 cm

Figure 1 Pyramid Double Strap Joint Design
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I TankWall[90/60/-60/30/-30/0]s

I
Inverted Pyramid Joint Design [

[90/60/-60/30/-30/0/Tank W all/O/-30/30/-60/60/90 ]v !

10.2 cm

Layer 1 ]

4.44 cm

Strap
Width

Strap Width --_

Note: The two halves of the Tanks were

butted and epoxied together with EA9394

with a maximum gap of 0.254 ram.

4.44 cm

10.2 cm

Figure 2 Inverted Pyramid Double Strap Joint Design
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Figure3 TestSetupof Composite Pressure Vessel and Fixtures in Safety Booth
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Frame A Frame B Frame C

Figure 20 IP1 - Inverted Pyramid Joint Configuration Failure East View

Frame A Frame B Frame C

Figure 21 P2 - Pyramid Joint Configuration Failure East View

Frame A Frame B Frame C

Figure 22 P2 - Pyramid Joint Configuration Failure West View
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